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Abstract
Climate warming has been identified as one of the primary factors causing worldwide pollinator
declines. While recent studies on pollinator declines have focused on managed honey bees, wild
bees are in decline as well, with one of the most at-risk groups being bumble bees. Bumble bees
(Bombus spp.) are common and widespread eusocial insects that pollinate a wide range of crops
and native plants, and their extinction would likely have a strongly negative impact on both crop
yields and wild ecosystems. Although studies have examined the thermal physiological traits of
individual bumble bees to predict how they may be impacted by future climate warming, little to
no studies have examined how climate warming may impact bumble bees as colony units, both
in their ability to maintain an optimal nest temperature for their brood or in their ability to gather
food. Here, we set out to investigate how climate warming will impact bumble bees across these
aspects of their life history. We measured temperature in simulated nests both above- and
belowground as well as air temperature from March to November of 2021 to understand what
temperatures bumble bees experience in different environments, and examined how those will
change with climate warming. We also examined the rates at which bumble bees perform nest
thermoregulatory behaviors and at which they forage on flowers in response to ambient
temperature. With this data, we calculated how often and how much bees nesting above- or
belowground will have to invest in thermoregulatory behaviors, and how much time each month
of the year they will have to optimally forage. We found that with climate warming bees will
have more time to forage, and bees nesting both above- and below ground will have to perform
brood incubation less, but bees nesting above ground will have to cool their nests via wing
fanning at possibly unsustainable levels. Our results show that climate warming will have mixed
effects on bumble bees overall, but major risk will be imposed on aboveground-nesting species.
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Introduction
Pollinators are facing global declines with far reaching consequences for agriculture and native
ecosystems (Potts et al., 2010). Some of the sharpest declines have been observed in bumble bees
(Bombus spp.) (Goulson et al., 2008), which are among the most highly contributing pollinators
for a variety of crops and wildflowers in northern latitudes (Goulson, 2010). Declines in bumble
bee populations have been linked to a range of factors, including habitat loss (Goulson et al.,
2008) and disease (Cameron et al., 2016), but climate warming has been identified as the main
driver of bumble bee losses at the southern end of their range (Kerr et al., 2015; Soroye et al.,
2020). Bumble bees may be particularly sensitive to climate warming as they tend to specialize
on cooler habitats in northern latitudes and at higher elevations compared with other bee species
(Hines, 2008). Although predictive models suggest that bumble bee populations will continue to
decline as global temperatures rise (Soroye et al., 2020), it is unclear exactly how elevated
temperatures impact bumble bee performance and result in colony losses.
The most common metric used to predict species’ responses to climate warming are
estimates of their critical thermal limits, CTmax and CTmin. These are the highest and lowest
temperatures an organism can tolerate before losing muscle control (Terblanche et al., 2011), and
they tend to correlate with how species respond to warming in the field (Deutsch et al., 2008;
Diamond et al., 2012; Sunday et al., 2014). In bees, critical thermal limits have been estimated
for several species of bumble bees, honey bees, and various solitary bees (Oyen et al., 2016;
Hamblin et al., 2017; Oyen & Dillon, 2018; Burdine & McCluney, 2019), and can range from as
low as ≈4°C for CTmin in the bumble bee Bombus impatiens (Oyen & Dillon, 2018) to as high as
~51°C for CTmax in the solitary bee Ceratina strenua (Hamblin et al., 2017). These limits have
been found to correlate with the relative abundances of species over both altitudinal and urban-
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rural gradients (Oyen et al., 2016; Hamblin et al., 2017; Burdine & McCluney, 2019). However,
it is not always clear how differences in thermal limits translate into differential responses to
warming observed among species. Most species never experience temperatures that exceed their
thermal limits under normal conditions (Sunday et al., 2011, but see Sunday et al., 2014 and van
der Walt et al., 2021), and even if temperatures do exceed an organism’s CTmax they may be able
to seek shade or employ other thermoregulatory behaviors to avoid exposure (Sunday et al.,
2014). Instead, it is likely that thermal limits are correlated with other aspects of thermal
performance that have a more direct effect on fitness (Penick et al., 2017).
While thermal limits may correlate with species’ responses to warming, they do not
necessarily explain how climate warming impacts fitness directly. In bees, for example, thermal
limits likely correlate with the temperatures at which adult workers can forage (Hamblin et al.,
2017). Species whose foragers have higher thermal limits can likely forage at warmer
temperatures than those with lower heat tolerance. But this can also be a double-edged sword, as
species with a higher CTmax also tend to have a higher CTmin, which means they cannot forage at
colder temperatures compared to less heat-tolerant species (Oyen et al., 2016). In addition to
foraging, temperature can also affect performance inside the nests. Colony performance in
bumble bees and other social insects is heavily influenced by nest temperature, which affects
larval and pupal development, colony metabolism and growth, and ultimately reproductive
output and fitness (Porter, 1988; Abril et al., 2008). For this reason, bumble bees have evolved a
range of thermoregulatory behaviors to control nest temperature and maintain a thermal optimum
for colony growth (Alford, 1975). Bumble bees expend effort to maintain an optimal nest
temperature of ~30°C by fanning their wings to cool down their nest or incubating their brood to
warm it when temperatures vary above and below their thermal optimum (Heinrich, 1972; Vogt,
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1986). These thermoregulatory behaviors also have a cost, as they may be metabolically
expensive to perform, and workers cannot perform other necessary duties when they are fanning
or incubating brood, such as foraging.
Here we use the Common Eastern Bumble Bee Bombus impatiens to develop a model for
how climate warming affects performance of whole bumble bee colonies. We measured nest
temperature in simulated nests above- and belowground across the active season for B. impatiens
as well as flower visitation rates of foraging workers to gauge how bumble bees across
environments will be impacted by climate warming at both the individual and colony level. For
bumble bees nesting both above- and belowground, we predict that climate warming will cause
bumble bees to increase investment in fanning, but conversely may decrease investment in
incubation. Overall, we predict that these thermoregulatory costs will be higher for abovegroundnesting species than belowground-nesting species. Additionally, we predict that as the climate
warms there will be increased periods in summer where nest temperatures exceed the capacity of
bumble bee colonies to thermoregulate, and that the opportunity for bees to safely forage will
decrease in peak summer, although it may increase in spring and fall. Finally, we also predict
there may be increased foraging competition between bumble bees and other pollinators, due to
bumble bees being more cold-adapted than other related taxa (Hines, 2008).

Methods
Study species and environmental temperature measurements
We studied the general impacts of climate warming on bumble bee health using the Common
Eastern Bumble Bee, Bombus impatiens, as a model. There are over 250 species of bumble bees
worldwide, with approximately 46 species native to the United States and Canada (P. Williams et
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al., 2014). Bumble bees typically have a northerly distribution and reach their highest diversity
and abundance at higher latitudes and in mountain regions (Hines, 2008). All bumble bees are
social and live in small colonies (typically up to 350 individuals) that nest above- or below
ground depending on the species (Goulson, 2010). B. impatiens colonies construct their nests
belowground typically in abandoned rodent burrows between 0.3 and 1 m deep (Plath, 1922).
This species has a relatively broad distribution east of the Rocky Mountains extending from
southern Canada to Florida (Fig. 1). Like most other bumble bees, their colonies are annual and
founded by a solitary queen in the spring. Their growing season can extend from March to
September depending on latitude, and colonies shift to producing new queens at the end of their
colony cycle in late summer, which leave the nest and diapause over the winter. In recent years,
B. impatiens has also become important for commercial pollination, and their colonies can be
purchased by farmers for pollinating a wide range of crops, such as greenhouse tomatoes,
peppers, blue berries, and apples (Velthuis & van Doorn, 2006).
To determine the temperatures that bumble bees experience over their colony cycle, we
measured ambient air temperature as well as temperature in simulated above- and belowground
nests using Hygrochron iButtons® (Maxim Integrated; San Jose, CA, USA) at the Kennesaw
State University Field Station in Kennesaw, GA (latitude 34.062 °N, longitude -84.603 °E). We
programmed iButtons to record temperature and relative humidity at 20 min intervals from
March through November of 2021. To record ambient air temperature, we placed an iButton
within an appropriate heat shield (Terando et al., 2017) that was hung from a tree branch in an
open field (Fig. 3). To record temperature within a simulated ground nest, we used a soil drill to
excavate a hole 4 cm in diameter and 50 cm deep at a 45° angle, which matched the average nest
depth and nest size for colonies of B. impatiens (Plath, 1922). We placed iButton sensors into
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three simulated nests in an open field and three in an adjacent forested site to quantify the effect
of canopy shading on nest temperature, if any, and we covered each hole with a metal screen to
prevent rodents or other animals from entering.
To simulate an aboveground nest, we placed an iButton sensor into an empty commercial
bumble bee Quad® hive box (Koppert Biological Systems; Howell, MI, USA) situated on a
wooden pallet and shaded using an arch made from corrugated plastic (Fig. 3). We adjusted the
position of the shade structure to match the position of the sun during 2-week intervals in spring
(March 20 – April 2), summer (June 22 – July 5), and fall (September 22 – October 6). During
data analysis we discovered that aboveground nest temperature appeared to be tightly correlated
with air temperature in each of these intervals, and so we created a linear model to test the
significance of this apparent correlation. We fit linear models of above ground nest temperature
as a function of air temperature and time of day. We converted time of day to decimal hours,
such that 6 min was encoded as 0.1 h, and then separated time into a sine and cosine component.
We did this so that the amount of time between observations took into account the facts that each
day had 24 h and reset at 00:00 h. For example, observations at 23:55 and 00:05 h would be
treated as 10 min apart, not 23 h 50 min apart. The model showed a strongly significant linear
relationship among the variables (adjusted R2 = 0.942, F2,3021 = 2.455 × 104, P < 0.0001; Fig. 4),
so we used the model to predict aboveground nest temperature for the whole growing season
based on air temperatures measured from March to November of 2021. We then used the
predicted values mixed with the 7 weeks of measured data for our other analyses, detailed below.
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Quantification of foraging activity
To quantify the temperatures over which Bombus impatiens forage, we measured foraging
activity at 24 farms and gardens spread across three cities (Atlanta, GA; Raleigh, NC; and
Detroit, MI) which span 9° of latitude and broadly capture the temperature variation found across
the native range of B. impatiens (Looney et al., 2019). We used cucumber flowers (Cucumis
sativus) as a model, as they are a commonly grown crop across this range and are regularly
pollinated by bumble bees (Velthuis & van Doorn, 2006). To measure foraging rates, we
observed three groups of cucumber flowers (10 to 20 flowers per group) for 5 minutes during
each of five time periods over the course of a day starting at 07:30 h and ending at 14:30 h when
cucumber flowers began to close. During each trial, we counted the number of visits made by B.
impatiens and individuals of all other taxa, for which we noted the species, genus, or family of
each visitor. If a flower was visited multiple times by the same individual, each visit was still
counted towards the total. Trials were conducted between June 4 and June 19, 2021 in Atlanta,
June 7 and July 28 in Raleigh, and July 29 and Aug 5 in Detroit. Simultaneously at each site, we
measured ambient temperature using Hygrochron iButtons® held within heat shields as
described above, which were hung from a shepherd’s hook and set to record temperature and
humidity at 10 min intervals. We matched the temperature recorded at each site with the timing
of the visitation trials to determine the ambient temperatures when Bombus foragers were active.
To construct thermal performance curves for Bombus foraging activity, we fit the thermal
performance model of Boatman et al. (Boatman et al., 2017) following a Bayesian approach. The
counts of bees foraging on cucumber flowers were zero-inflated, meaning that there were more
counts of zeros than would be expected under a Poisson or negative binomial distribution. To
account for this, we fit a zero-inflated Poisson (ZIP) model of bee foraging activity. This model
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includes two processes: a Bernoulli process for bee detection or nondetection, and a Poisson
process for bee count. The expected value of the count process was modeled as following the
Boatman et al. function. The full model fit for each bee count 𝑦𝑦𝑖𝑖 was as follows:
𝑧𝑧𝑖𝑖 ~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜓𝜓)

𝑏𝑏

𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎
� ��
𝜂𝜂𝑖𝑖 = 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 �𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋 �
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑖𝑖 = 𝑧𝑧𝑖𝑖 𝜂𝜂𝑖𝑖 + 𝐶𝐶

𝑦𝑦𝑖𝑖 ~𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝜆𝜆𝑖𝑖 )

where ψ (“psi”) is the probability that bees were detected in a sample (i.e., 𝑝𝑝(𝑦𝑦𝑖𝑖 > 0)), 𝑧𝑧𝑖𝑖 is an
indicator that takes value 1 when bees are detected (𝑦𝑦𝑖𝑖 > 0) and value 0 when bees are not

detected (𝑦𝑦𝑖𝑖 = 0), 𝜂𝜂𝑖𝑖 (“eta”) is the expected value of the Boatman function for observation i, 𝜆𝜆𝑖𝑖

(“lambda”) is the expected bee count, and C is a small constant to ensure that 𝜆𝜆𝑖𝑖 > 0 (software
requirement). Models were fit using 𝐶𝐶 = 10−5 .

Quantification of nest thermoregulatory behavior
We quantified fanning and incubation across a range of nest temperatures in microcolonies of B.
impatiens sourced from commercial colonies purchased from Koppert Biological Systems
(Howell, MI, USA) in summer 2021. Each microcolony consisted of ~14cm × ~10cm comb and
20 female workers chosen randomly, which were then placed into a ventilated 18.5 × 13 × 9.5
cm plastic container (Pioneer Plastics; Dixon, KY, USA) and supplied with a 1:1 sucrose:water
solution ad libitum. To measure the effect of nest temperature on fanning and incubation, we
placed each colony in a DigiTherm® incubator (Tritech Research; Los Angeles, CA, USA) set to
25 °C. Colonies were acclimated to the incubator for 10 minutes, and we then increased or
decreased the temperature by 3 °C at 23 min intervals to measure fanning or incubation,
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respectively. We ended fanning trials at 40 °C and incubation trials at 7 °C, and all trials were
recorded using a HERO7 Black GoPro® camera (GoPro; San Mateo, CA, USA) at 30 fps and
1440K resolution. Fanning and incubation behavior were analyzed in videos taken during the last
8 min at each temperature, and we recorded the number of workers performing each behavior
during the first 10 seconds of the 3:00, 4:00, 5:00, 6:00, and 7:00 minute marks, which we then
averaged. Fanning was defined as a bee standing completely still while flapping its wings for at
least 5 seconds, while incubation was defined as a bee making full-body contact with a brood
cell with its legs splayed and abdomen elongated while remaining completely still except for
abdomen pumping for at least 5 seconds. We ignored the first 3 min of each video during
analysis because the incubator needed that time to resettle on the temperature we set it to after
we opened its door to place the camera inside. All behavior trials were conducted blind so that
the observer was unaware of the temperature or colony.
To construct thermal performance curves of proportion of workers performing fanning
and incubation in each microcolony, we combined our data with measurements from Vogt
(1986). Combining our datasets, we fit the thermal performance model of Boatman et al. (2017)
to construct performance curves using a Bayesian approach. This function models behavior as a
function of temperature T, such that:
𝑇𝑇 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎
� ��
𝑓𝑓(𝑇𝑇) = 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 �𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋 �
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝑏𝑏

where 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum value for 𝑓𝑓(𝑇𝑇), 𝑇𝑇 is the temperature, and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 are the

maximum and minimum temperatures for which 𝑓𝑓(𝑇𝑇) > 0. These parameters were assumed to

equal 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (45 °C) and 𝐶𝐶𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 (4 °C), respectively, based on previous measurements (Hamblin

et al., 2017; Oyen & Dillon, 2018). 𝑎𝑎 is a strictly positive shape parameter. If 𝑎𝑎 < 1, then 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 ∈
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�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , 𝜇𝜇(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 )� . If 𝑎𝑎 = 1, then 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 = 𝜇𝜇(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ). If 𝑎𝑎 > 1, then 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 ∈

(𝜇𝜇(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ), 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ). b is a strictly positive shape parameter. Smaller b makes the response

curve narrower (i.e., 𝑓𝑓(𝑇𝑇) is >0 for a narrower range of T). The optimum temperature, where
𝑓𝑓(𝑇𝑇) = 𝑚𝑚𝑚𝑚𝑚𝑚�𝑓𝑓(𝑇𝑇)�, is calculated as (Boatman et al. 2017 eqn. 8):
1

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5�𝑎𝑎� (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 )

The proportion of bees performing an activity was censored to [0.0001, 0.9999]. These values
were then logit-transformed. The absolute value of the minimum value (|𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(0.0001)| =
9.21024) was added to the values so that the minimum value supplied to the model-fitting

software was 0. This was done because the Boatman function has a minimum value of 0 and
cannot model negative values.

Modeling impacts of climate warming on Bombus performance
To model the impacts of climate warming on Bombus nest performance, we used measurements
of above- and belowground nest temperature to calculate investment in nest thermoregulatory
behaviors under present conditions and with projected warming. For fanning and incubation, we
used the performance curves described above to calculate the nest temperatures when greater
than 25% and 50% of nest workers would be engaged in each behavior. We also calculated the
temperature at which a colony’s thermoregulatory ability would be exceeded, which was defined
as the temperatures where fanning and incubation performance rates peaked (i.e., the hottest and
coldest nest temperatures a colony could withstand before failure). We then used our
measurements of above- and belowground nest temperatures from simulated nests to calculate
the number of hours per month from March through November when temperatures exceeded the
threshold for 25%, 50%, or maximum performance for fanning and incubation under current
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climate conditions. In addition, we adjusted nest temperature by adding on 1.5°C and 3.5°C of
warming based on emissions scenarios SSP2-4.5 and SSP5-8.5 provided by the most recent
report of the Intergovernmental Panel on Climate Change (IPCC, 2022) to estimate shifts in
behavior under future warming scenarios.
To model the impacts of climate warming on Bombus foraging, we used measurements of
ambient temperature to calculate the number of foraging hours available each month under
present conditions and future warming. We defined the optimal foraging temperature range for
Bombus as the temperatures between where our model predicted peak performance and where it
predicted Bombus performing 50% of the maximum number of flower visits per 5 min. This
range equated to 34-43°C, although we never observed any taxa foraging at the high
temperatures involved in the model predictions (see Results below). We then adjusted air
temperature by adding on 1.5°C and 3.5°C of warming, based on emissions scenarios SSP2-4.5
and SSP5-8.5 as described above. Because foraging success could be impacted by competition
with other pollinators, we also quantified the abundance of potential competitors of Bombus at
cucumber flowers to assess whether competition would increase with warming using similar
methods to those described for Bombus.

Statistical analyses
All analyses were conducted using R version 4.3.1 (R Core Team, 2022). To test for an effect of
climate warming on fanning and incubation, we constructed linear models with daily hours
exceeding fanning thresholds for 25%, 50%, or maximum tolerance of colony members as the
dependent variables, and nest type (above vs. belowground), time of year (month), and climate
scenario (current, +1.5°C, and +3.5°C) as the independent variables. Similarly, to test for an
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effect of climate warming on Bombus foraging, we constructed a linear model with daily hours
within the optimal foraging temperature range as the dependent variable, and time of year
(month) and climate scenario (current, +1.5°C, and +3.5°C) as the independent variables.
Bayesian thermal performance curves were fit using JAGS version 4.2.0 (Plummer, 2003), called
from R using package rjags version 4-13 (Plummer, 2022).

Results
Seasonal variation in ambient and nest temperature
Across the growing season from March to November, we observed a general increase in ambient
air temperature from an average of 16°C in March to an average of 25°C in July (Fig. 5). The
lowest temperature we recorded during this period was -2°C and the highest was 35°C. The
highest temperature we observed still fell below the CTmax of B. impatiens, which is 45°C. A
comparison of the temperatures we measured at our field site in Kennesaw, GA with weather
station data recorded from the southern end of the B. impatiens range in south Florida showed
that ambient temperatures still never exceeded the CTmax of B. impatiens (Fig. 2). The maximum
yearly temperatures recorded from weather stations in Miami, Atlanta, Raleigh, and Detroit for
2021 were 33.3, 31.3, 32.1, and 29.9°C respectively. Therefore, we did not find evidence that B.
impatiens workers would be exposed to lethal temperatures under ambient conditions at any
point within their range.
Nest temperature in the aboveground nest largely tracked ambient air temperature with
large daily fluctuations of up to 23.7°C (Fig. 5). The degree of fluctuation depended on local
weather conditions, as cloudy or overcast days resulted in lower temperature fluctuations. On
clear days, aboveground nest temperature exceeded ambient air temperature even though the nest
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was shaded, which was likely due to accumulation of thermal heat by the nest substrate.
Temperatures observed in the aboveground nest were vastly different when compared to
belowground nests. Belowground nests exhibited little change in daily nest temperature (±0.3°C
on average) and remained relatively stable over the course of the growing season with a low of
10.9°C and a high of 24.8°C. In contrast, the aboveground nest was exposed to higher thermal
extremes over the course of a day as well as over the entire season. During cold months, daily
low temperature reached -1.5°C in the aboveground nest, well below the critical thermal
minimum of B. impatiens workers at 4°C (Oyen & Dillon, 2018), and summer temperatures
exceeded 39°C, which is below the critical thermal maximum of B. impatiens workers of 45°C
but well above the thermal optimum for brood development, which is ~30°C for B. impatiens
colonies. At temperatures that high, workers inside the nest would likely be unable to effectively
cool down their brood which could have adverse effects on the brood’s development (Vogt,
1986). In contrast, the stable nest temperature of belowground nests was often far below the
thermal optimum for brood development. To compensate, colonies nesting in belowground nests
would need to incubate brood to achieve optimal rearing conditions virtually every day of the
year, while aboveground-nesting species would have to engage in both fanning and incubation
on a daily basis to keep colonies within safe limits in the hottest and coldest times of the year.

Thermal dependence of foraging
Using cucumber (Cucumis sativus) as model, we found that B. impatiens was the most frequent
flower visitor compared to all other species. We recorded 2160 visits by B. impatiens during 432
trials, which represented 58% of total visits. Besides B. impatiens, we recorded visits by 2 other
Bombus species (B. griseocollis and B. pensylvanicus), which accounted for an additional 1% of
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total visits. The next most common visitors were Apis mellifera representing 11% of visits,
Agapostemon spp. representing 4% of visits, and Lasioglossum spp. representing another 4% of
visits. We found no differences in visitation rates for B. impatiens between Atlanta and Raleigh,
although they were much less common in Detroit. Instead, A. mellifera, Agapostemon spp., and
Lasioglossum spp. were the most common taxa observed there, with 171, 166, and 97 total visits
respectively. In Raleigh, the leading taxa following B. impatiens were A. mellifera, Megachile
spp., and Lasioglossum spp. with 148, 39, and 30 total visits respectively, while the leading taxa
following B. impatiens in Atlanta were A. mellifera, Xylocopa virginica, and Lasioglossum spp.
with 105, 32, and 14 total visits. Other insects, such as butterflies and hoverflies, had low
representation across all cities, together making up only 1.6% of all visits.
For B. impatiens, we found a general increase in visitation rate with ambient temperature
(Fig. 6). Visitation rate remained low (generally less than 30 visits per 5 minutes) up to 31.5 °C.
At that point, we observed an exponential increase in visitation rate with a peak of 95 visits in 5
minutes near our highest recorded temperature of 36.7 °C. This peak temperature was far below
the CTmax for B. impatiens (45°C), which suggests they were not close to reaching their foraging
maximum. Our comparison of maximum air temperatures from weather stations at the southern
end of their range also determined that temperature rarely if ever approach their thermal
maximum. Therefore, we included CTmax in our model fit to estimate the peak foraging
temperature of B. impatiens (43°C), which was above the maximum temperature we observed in
the field. Based on these estimates, B. impatiens is unlikely to exceed their thermal maximum
when foraging under current conditions within their entire range except on rare occasions.
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Thermal dependence of nest thermoregulatory behaviors
Combining results from our temperature trials with previously published rates of fanning and
incubating behavior from Vogt (1986), we observed clear thermal dependence curves from our
predictive models (Fig. 7). Our incubation model predicts incubation rate to increase gradually as
nest temperature falls below the thermal optimum of 30°C. Peak incubation occurs at 13°C, with
63% of workers in microcolonies performing incubation. Below 13°C, incubation rate fell
sharply until zero workers perform incubation at 4°C, which is the CTmin for B. impatiens.
Fanning exhibited a similar pattern but in the opposite direction. Fanning rate increased sharply
as nest temperature rose above 30°C, and peak fanning occurred at 37°C with 92% of workers in
microcolonies performing fanning. Above 37°C, there was a sharp decline in fanning, with zero
workers performing fanning above 40°C, which is near the CTmax of B. impatiens (45°C).

Impact of alternate climate warming scenarios
When applying our estimates of thermal foraging dependence with changes in air temperature
associated with +1.5°C and +3.5°C of warming, we found a general increase in the time
available for foraging with increased warming (Table 1; Fig. 9). Under the current climate, the
number of hours per day falling within the optimal temperature range for foraging is typically 0
across the year, with several days in July and August only yielding about 1hr each. We predicted
that the time available for foraging would decrease with +1.5°C and +3.5°C of warming, but this
was not supported. While there were only 10 hours across the year within the optimum
temperature range under the current climate, we found a 540% increase in hours available with
1.5°C of warming, yielding 64 hours total, and a 2,430% increase with +3.5°C of warming,
yielding 253 hours total. These hours were still mostly concentrated in July and August, with
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days commonly exceeding 6 hours for optimal foraging time and even reaching as high as 10
hours for a few days in August with +3.5°C of warming. May and June also gained several days
with as many as 6 to 9 hours for optimal foraging, and even April and the late season months of
September and October started to gain a few hours for optimal foraging despite having 0 hours
available under the current climate.
Regarding nest incubation behaviors, we observed differences depending on whether
bees nested above- or belowground. Under the current climate, bees nesting aboveground must
devote at least 25% of their workforce to incubation between 5 and 24hrs per day during the
spring and fall (Table 2; Fig. 10) and must devote at least 50% of their workforce to fanning up
to 9hrs per day in the summer (Table 5; Fig. 11). Although the need for incubation decreases in
the summer, it could still be as high as 16hrs per day. With +1.5°C and +3.5°C of warming, the
number of hours requiring at least 25% of bees to incubate 24hrs per day became rarer in spring
and fall, and dropped to 0 in July and August with +3.5°C of warming, while the number of
hours requiring at least 25% of bees to fan increased across the year and rose to as much as 13
hours per day in June, July, and August with +3.5°C of warming. Under the current climate,
there could be as much as 21hrs per day reaching or exceeding the maximum performance rate
for incubation in spring and up to 24 hours per day at the end of the growing season in
November, while there are only several days across the summer where the maximum
performance rate for fanning could be met or exceeded, albeit for up to 6hrs per day (Table 6, 7;
Fig. 12). With warming, the number of hours requiring maximum incubation significantly
decreases, up to only 10hrs per day in early spring and 18hrs in November, but the number of
hours requiring maximum fanning significantly increase in summer, such that days requiring up
to 6hrs of maximum fanning become a regular occurrence with +3.5°C of warming.
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In contrast, we found a general decrease in thermoregulatory behaviors required for
belowground-nesting bees with warming. Under the current climate, bees nesting belowground
must devote at least 25% of their workforce to incubation for 24 h per day across the entire year,
except for some days in the peak of summer, but with +3.5°C of warming the number of hours
will shrink to 0 in nearly all of June, July, August, and September (Table 2; Fig. 10). Bees
belowground have to invest <25% of their workforce in fanning across the year (Table 3; Fig.
10) to maintain the thermal optimum of their brood. The number of hours reaching or exceeding
the maximum performance rate of incubation for bees belowground can reach as high as 24hrs
per day at the very beginning and end of the growing season under the current climate, but this
will decrease significantly with +1.5°C of warming and will disappear entirely with +3.5°C of
warming, such that the maximum performance rate for either incubation or fanning will never be
exceeded or even reached with +3.5°C of warming (Table 6, 7; Fig. 12).

Discussion
Bumble bees are expected to experience widespread declines in response to climate warming,
though we found that most metrics associated with thermal performance improve for bumble
bees with climate warming. We initially predicted that elevated temperatures would result in a
decrease in optimal foraging time available for B. impatiens workers, but we found evidence for
the opposite effect. We found that bumble bees will have more time to forage within their
optimal thermal range with increased warming, and we found no evidence that bumble bees
would face greater competition with warming from other pollinators. Regarding nest
temperature, we predicted that elevated temperatures would require increased investment in
thermoregulatory behaviors, and we predicted that these effects would be exacerbated for species
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that nest aboveground. For belowground-nesting species, warming will push colonies closer to
their thermal optimum and reduced the need for thermoregulatory behaviors. For abovegroundnesting species, however, we found that nest temperatures in summer regularly exceeded the
maximum performance output for fanning with future warming, which could result in colony
deaths. Taken together, we found that climate warming will potentially have a positive effect on
performance of belowground-nesting species, while it may have a negative effect on
aboveground-nesting species because of increased exposure to temperature extremes.
Considering that a significant percentage of bumble bee species nest aboveground (Liczner &
Colla, 2019), this is crucial information for informing conservation and management of these
vitally-important pollinators.
Regarding foraging rates, we predicted that warming would result in a loss of optimal
foraging time during the hottest times of the year, but this was not supported. We found that
optimal foraging time increased from only 10 hrs across several days in peak summer to 253 hrs
spread across April to October. Thus, from the standpoint of optimal foraging temperature,
climate warming is likely to only benefit bumble bees. One limitation of our results, however, is
that we focus on only one flower species (Cucumis sativus). It is possible that results would
differ if we included other species, but another study using Phacelia tanacetifolia as a model
plant found similar rates of bumble bee foraging relative to other pollinators (I. H. Williams &
Christian, 1991). In addition, the state of the plants we used may have affected our results. The
cucumbers we used in Atlanta and Raleigh grew well and had many flowers, and were clearly
attractive to B. impatiens, but the plants used in Detroit had few flowers due to stunted growth
and were relatively unhealthy, which may be why they garnered little visitation despite bumble
bees being common at the sites we visited.
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One potential indirect effect of climate warming can be to increase competition between
cool-adapted and warm-adapted species. Because bumble bees typically are adapted for colder
climates (Hines, 2008), it might be expected that they perform best at cooler temperatures even if
they are still capable of foraging at the warmest parts of the day. Bumble bees are well-known to
be able to forage at colder temperatures than many other bee taxa (Goulson, 2010). They possess
an efficient mechanism for shivering their flight muscles to warm themselves up enough for
flight, and they reduce heat loss with their dense coat of hair (Heinrich & Esch, 1994). We
observed bumble bees foraging at temperatures as low as 19°C, which was below the minimum
foraging temperature for almost all other species. However, we also found bumble bees foraging
at the highest temperatures in our study when other pollinators were largely absent. This suggests
that Bombus do not face strong competition at higher temperatures. A comparison with their
primary competitor, Apis mellifera, reinforces this. The maximum foraging temperature of A.
mellifera appears to be 35°C, which is lower than the optimum foraging temperature we estimate
for B. impatiens. Therefore, it seems that B. impatiens would benefit from decreased competition
at the highest temperatures we observed in our study.
Nest temperatures are rarely considered in studies estimating thermal performance, but
the presence of sophisticated nest thermoregulatory behaviors among social insects suggests how
important nest temperature is regarding colony performance. Our findings match those of
previous authors that show a general increase in fanning or incubation behaviors as nest
temperatures increase or decrease from the optimum of 30°C (Vogt, 1986; Weidenmüller et al.,
2002; Gardner et al., 2007). Investment in these behaviors was relatively extreme over fairly
narrow temperature ranges, although the maximum amount of workforce investment differed.
Nearly 100% of workers in microcolonies displayed fanning when temperatures reached only
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7°C above optimum, while incubation behavior only peaked at ~60% performance even at the
coldest temperature before performance stopped. While bees that nest aboveground would have
to perform high rates of incubation mostly during the coldest months, incubation pressure is
relaxed with warming. Bees that nest belowground must devote at least a quarter of their
workforce to incubation all-day nearly year-round under the current climate, and regularly have
to devote half of their workforce all-day during spring and fall, but future warming would
similarly relax this pressure, so this would be a substantial benefit to belowground-nesting bees,
such as B. impatiens.
Under the current climate, there is no time of the year, barring outliers, when either
above- or belowground nesting bees have to maximally invest in fanning to maintain their
thermal optimum. However, with climate warming it becomes likely that the summer months of
June through August will require bees aboveground to do so, which could be detrimental to their
success. We did not measure how effective these thermoregulatory behaviors are, but if bees are
unable to significantly decrease temperatures during the hottest days of the year, we found
evidence that temperatures would exceed their ability to thermoregulate via fanning on 12 days
of the year with +3.5°C warming. Under these extreme conditions we would expect colonies to
fail, given that brood must be kept at their thermal optimum to develop properly, and research
suggests that workers are unable to lower brood temperature when nest temperature is as high as
what is predicted with +3.5°C warming (Vogt, 1986). In contrast, we found no times during the
year when belowground nests reached these temperatures, suggesting that species that nest
belowground will be more protected from thermal extremes. It is possible, however, that
aboveground-nesting species have a higher thermal tolerance and can thermoregulate more
effectively at extreme temperatures than belowground-nesting species such as B. impatiens. We
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could not find any published studies on the thermoregulatory abilities of aboveground-nesting
bumble bee species, so this is a gap in our knowledge that new research should seek to fill.
Our results prompt a question: if bumble bees are only being afforded more foraging time
with climate warming, and the majority of species are only being pushed closer to their thermal
optimum due to their belowground-nesting habits (Liczner & Colla, 2019), then why have
studies found that bumble bees in the northern hemisphere are disappearing from the southern
ends of their ranges (Kerr et al., 2015)? One explanation that we did not investigate is that
elevated temperatures could result in higher mortality of overwintering queens or decrease their
founding success if spring temperatures are elevated. Support for this comes from studies which
have found that heat waves, expected to increase in frequency with climate warming (IPCC,
2022), have led to die offs of bumble bee queens before they are able to begin colonies (Iserbyt
& Rasmont, 2012; Rasmont & Iserbyt, 2012).
Another explanation for why bumble bee colonies may decline with warming even if
foraging times are increased could be due to a mismatch with floral blooming cycles. Bees and
the flowers they depend on have different responses to light and temperature to determine their
emergence times at the beginning of their growing seasons, and climate warming has caused
these responses to diverge (Renner & Zohner, 2018). The resulting mismatches of plant and bee
emergences have been found to be particularly important in spring when bee colonies are in the
founding stage (Kudo & Ida, 2013). Bumble bee colonies may also experience stress during late
summer, which is typically a time of nectar dearth. Unlike honey bees, which store nectar in their
colonies to tide them over during summer nectar shortages and over the winter, bumble bees
store much less nectar because their colonies follow an annual cycle and cease to exist during the
winter. The summer dearth may be relatively short under normal conditions, but this period is
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expected to expand with climate warming, and it is unknown whether bumble bees could adapt
to store more nectar to compensate.
Overall, we found that climate warming is likely to have largely positive effects on
bumble bees with regards to their thermally dependent traits. Climate warming will give bees
more time to optimally forage across their growing season and will decrease the time they need
to invest in incubation of their brood to maintain its optimal temperature. Conversely, climate
warming will increase the time that aboveground-nesting bumble bees must invest in wing
fanning to keep the temperature of their brood at safe levels, but belowground-nesting bees—
which currently never need to invest even a low percentage of their workforce to fanning—will
not be subjected to this pressure. In fact, nests belowground will be warmed up such that they sit
near the thermal optimum of brood, requiring bees in these nests to invest little in
thermoregulatory behaviors, so climate warming will benefit these bees at least in this aspect of
their life history. Aboveground-nesting bees, however, will likely be negatively impacted due to
the high investment of wing fanning that will be necessitated by future warming. Wing fanning
has a high investment cost, such that other necessary tasks for colony survival cannot be
performed if all workers in a colony are engaged in fanning (Vogt, 1986). We acknowledge that
our measurements were taken from simulated nests without bees, and bees presumably would be
able to thermoregulate their nests such that they may be buffered from the temperature extremes
predicted by current climate models. However, previous research suggests that bees may not be
able to change nest temperature significantly when it reaches only several degrees above their
optimum (Vogt, 1986). Therefore, we conclude that aboveground-nesting species are threatened
by climate warming. This should influence management of vulnerable species that nest
aboveground as well as commercial bumble bees, which are sold and kept in boxes aboveground.
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Our study makes clear that all aspects of bumble bee life history—including nesting biology, the
colony lifecycle, and floral host blooming cycles—must be considered when predicting how
climate warming may impact these animals, and therefore when making informed judgments on
how to properly manage and conserve these vitally important pollinators.

Statement of Integration
This study sits at the intersection of several scientific disciplines. At its core this study integrates
physiology and ecology. By running experiments to determine the physiological limits of bumble
bees and analyzing how the environments within which bumble bees live may meet or exceed
those limits, we were able to determine how bumble bee health may be seriously impacted in the
coming decades. This study also integrated climate ecology and urban ecology—we measured
bee visitation rates to flowers in urban gardens and farms, which allowed us to measure visitation
at hotter temperatures than if we had only conducted our study on rural properties, giving us
better insight on how ambient temperature impacts the foraging capabilities of bumble bees.
Lastly, this study involved the cooperation of scientists with diverse specialties—people studying
global change impacts on vertebrates and invertebrates, ecophysiologists, and a quantitative
ecologist.
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Tables

Predictor

df

F

Pr(>F)

Month

8

72.113

<0.0001***

Climate scenario

2

65.449

<0.0001***

Month*Climate scenario

16

3.664

<0.0001***

Table 1. Linear model results for the effect of month, climate scenario, and the interaction of
those factors on the hours per day falling within the “optimal foraging range” of 34-43°C for
bumble bees.
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Predictor

df

F

Pr(>F)

Nest type

1

276.74

<0.0001***

Month

8

424.73

<0.0001***

Climate scenario

2

284.79

<0.0001***

Nest type*Month

8

35.50

<0.0001***

Nest type*Climate scenario

2

22.41

<0.0001***

Month*Climate scenario

16

21.64

<0.0001***

Nest type*Month*Climate scenario

16

13.83

<0.0001***

Table 2. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring ≥25% of worker bumble bees to perform brood incubation in their nest.
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Predictor

df

F

Pr(>F)

Nest type

1

660.630

<0.0001***

Month

8

68.566

<0.0001***

Climate scenario

2

63.561

<0.0001***

Nest type*Month

8

68.566

<0.0001***

Nest type*Climate scenario

2

63.561

<0.0001***

Month*Climate scenario

16

3.455

<0.0001***

Nest type*Month*Climate scenario

16

3.455

<0.0001***

Table 3. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring ≥25% of worker bumble bees to perform wing fanning in their nest.
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Predictor

df

F

Pr(>F)

Nest type

1

15.928

<0.0001***

Month

8

364.104

<0.0001***

Climate scenario

2

72.502

<0.0001***

Nest type*Month

8

47.548

<0.0001***

Nest type*Climate scenario

2

11.083

<0.0001***

Month*Climate scenario

16

10.220

<0.0001***

Nest type*Month*Climate scenario

16

5.898

<0.0001***

Table 4. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring ≥50% of worker bumble bees to perform brood incubation in their nest.
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Predictor

df

F

Pr(>F)

Nest type

1

479.048

<0.0001***

Month

8

57.548

<0.0001***

Climate scenario

2

65.489

<0.0001***

Nest type*Month

8

57.548

<0.0001***

Nest type*Climate scenario

2

65.489

<0.0001***

Month*Climate scenario

16

4.599

<0.0001***

Nest type*Month*Climate scenario

16

4.599

<0.0001***

Table 5. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring ≥50% of worker bumble bees to perform wing fanning in their nest.
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Predictor

df

F

Pr(>F)

Nest type

1

184.415

<0.0001***

Month

8

119.617

<0.0001***

Climate scenario

2

26.361

<0.0001***

Nest type*Month

8

48.210

<0.0001***

Nest type*Climate scenario

2

1.371

0.2543

Month*Climate scenario

16

6.600

<0.0001***

Nest type*Month*Climate scenario

16

2.497

0.0009***

Table 6. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring or exceeding the maximum investment of worker bumble bees to perform brood
incubation in their nest.
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Predictor

df

F

Pr(>F)

Nest type

1

107.849

<0.0001***

Month

8

21.224

<0.0001***

Climate scenario

2

40.666

<0.0001***

Nest type*Month

8

21.224

<0.0001***

Nest type*Climate scenario

2

40.666

<0.0001***

Month*Climate scenario

16

7.146

<0.0001***

Nest type*Month*Climate scenario

16

7.146

<0.0001***

Table 7. Linear model results for the effect of nest type (above- vs. belowground), month,
climate scenario (current, +1.5°C, and +3.5°C), and their interactions on the hours per day
requiring or exceeding the maximum investment of worker bumble bees to perform wing fanning
in their nest.
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Figures

Fig. 1. Range of Bombus impatiens, highlighted in purple. Three major cities within the range
(Detroit, MI, Raleigh, NC, and Atlanta, GA) are labeled for reference.
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Fig. 2. (A) Average of temperatures measured each month from March to November of 2021 in
Miami, Atlanta, Raleigh, and Detroit. (B) Average of maximum temperatures measured each
month from March to November of 2021 in Miami, Atlanta, Raleigh, and Detroit. (C) Average
of minimum temperatures measured each month from March to November of 2021 in Miami,
Atlanta, Raleigh, and Detroit.
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Fig. 3. (A) Radiation shield housing an iButton® that recorded air temperature at the Kennesaw
State University Field Station from March to November of 2021. (B) Entrance to a simulated
belowground nest at the Field Station within which temperature was recorded from March to
November of 2021. (C) View showing the arrangement of three of the simulated belowground
nests, which were each dug ~1-3 meters apart. (D) A commercial Quad® bumble bee nest box,
an empty section of which was used to measure aboveground nest temperature from March to
November of 2021.
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Fig. 4. Linear regressions of predicted aboveground nest temperature vs. measured air
temperature and time, based on a linear model plotting above ground nest temperature from 2
weeks in spring, summer, and fall of 2021 as a function of air temperature and time of day in
those two-week intervals. Data points shown are the actual measured above ground nest
temperatures at any given air temperature or time of day.
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Fig. 5. (A) Daily averages of air temperature and internal nest temperatures of simulated aboveand belowground Bombus nests. Temperature was measured every 20 minutes from March to
November of 2021. (B) Air temperature and internal nest temperatures every 20 minutes of
simulated above- and belowground Bombus nests, measured from March 27th to April 2nd 2021.
Gray bar represents period of rain. (C) Air temperature and internal nest temperatures every 20
minutes of simulated above- and belowground Bombus nests, measured from August 12th to
August 18th 2021. Gray bar represents period of rain.
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Fig. 6. Number of visits to cucumber flowers by foraging bumble bees, honey bees (Apis
mellifera), other bee species, and other insects (butterflies and hover flies). Visits were recorded
in 5-minute observation periods. Maximum number of visits was 95, from Bombus impatiens.
Trend lines for each taxon were constructed by a polynomial smoothing function.
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Fig. 7. (A) Percentages of bumble bee workers performing incubation behavior in relation to
environmental temperature. Red line shows the predictions of the thermal performance model
created from the combined dataset of our data and Vogt (1986). (B) Percentages of bumble bee
workers performing incubation behavior in relation to environmental temperature. Blue line
shows the predictions of the thermal performance model created from the combined dataset of
our data and Vogt (1986).
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Fig. 8. Model predictions with 95% credible intervals (CI) for rates of incubation (red), fanning
(blue), and foraging (green) behaviors in response to environmental temperature. Left y-axis
corresponds to incubation and fanning models, while right y-axis corresponds to the foraging
model.
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Fig. 9. Hours within each month where air temperature falls within the optimal temperature
foraging range of Bombus impatiens, defined as between 34-43°C, under the current climate and
with +1.5°C and +3.5°C of warming.
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Fig. 10. Number of hours in each month, from March to November of 2021, that would have
required at least 25% of bumble bee workers in colonies nesting above- or belowground to
perform either incubation (red) or fanning (blue) behaviors, under the current climate and with
+1.5°C and +3.5°C of warming. Flat lines for incubation or fanning indicate that the number of
hours in a given month was always either 0 or 24.
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Fig. 11. Number of hours in each month, from March to November of 2021, that would have
required at least 50% of bumble bee workers in colonies nesting above- or belowground to
perform either incubation (red) or fanning (blue) behaviors, under the current climate and with
+1.5°C and +3.5°C of warming. Flat lines for incubation or fanning indicate that the number of
hours in a given month was always either 0 or 24.
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Fig. 12. Number of hours in each month, from March to November of 2021, that would have
required at least the maximum possible investment of bumble bee workers in colonies nesting
above- or belowground to perform either incubation (red) or fanning (blue) behaviors, under the
current climate and with +1.5°C and +3.5°C of warming. Flat lines for incubation or fanning
indicate that the number of hours in a given month was always 0.
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